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Introduction {#s1}
============

Food contact articles (FCAs) are used in production, processing, transport, handling, and storage of food (e.g., food packaging, storage tanks, and conveyor belts). Various food contact materials (FCMs) are used to make FCAs such as plastics, paper and board, metal, glass, adhesives, and printing inks. Food packaging and other FCAs are of high societal importance because they protect food from physical damage, soiling, and microbial spoilage, thereby reducing food waste. However, chemicals can migrate from food packaging and other FCAs into food and thereby potentially affect human health. Food safety can also be compromised by chemical contaminants present in the raw food (e.g., pesticides and heavy metals), produced during processing and cooking (e.g., acrylamide and polycyclic-aromatic hydrocarbons), or introduced during improper handling (e.g., residual cleaning agents) (Figure S1). Although food contact articles are essential for the food supply chain, their benefits need to be balanced with the potential for human-health risks associated with exposure to migrating chemicals, some of which have been classified as endocrine-disrupting chemicals (EDCs) ([@c26]). A recent expert panel estimated the economic burden of health conditions (adult diabetes, obesity, IQ loss and associated intellectual disability, cryptorchidism, and male infertility) with a reasonably high probability of causation by EDCs \[including bisphenol A (BPA), phthalates, and organophosphate pesticides\] to be $€157$ billion annually in the European Union ([@c55]). Therefore, addressing exposure to EDCs and other hazardous chemicals from food packaging and other FCAs is an opportunity for public health intervention and may contribute substantially to reducing health costs.

Here we draw attention to gaps in the current chemical risk assessment (RA) of food contact materials and articles, as practiced in Europe and the United States. Improving risk assessment in this area will lead to better protection of public health by reducing exposure to hazardous chemicals. Presently, the topic of chemical exposures from FCMs and FCAs is discussed mostly by experts on FCMs, but opening this topic for discussion in the broader scientific community will likely benefit public health. The goal of this commentary is to improve understanding of the potential for harmful exposures from FCAs, how they can be identified, and importantly, how they might be minimized.

Chemicals in FCMs and FCAs {#s1.1}
--------------------------

Inventory lists of substances for manufacturing FCMs contain several thousands of chemicals, including starting substances like monomers, or production aids, and additives ([@c43], [@c47]). Risk assessment currently focuses on starting substances and additives. However, these chemicals are often transformed during manufacture, and final food contact articles may therefore contain novel compounds that have not been subjected to RA, even though they may migrate into food ([@c28]). Here we introduce the term food contact chemicals (FCCs) to capture all chemicals used in FCM manufacture as well as those substances present in the final article ([Figure 1](#f1){ref-type="fig"}). Food contact chemicals include intentionally added substances (IAS), such as monomers, additives, catalysts, and production aids; and impurities and reaction products, such as oligomers, polymers, by-products, and degradation products, which may be referred to as nonintentionally added substances (NIAS) ([@c31]).

![Explanation of key terms. Food contact articles (FCAs) are combinations of different FCMs, which consist of food contact chemicals (FCCs) (e.g., a yogurt cup made of polystyrene with printing inks and a coated aluminum cover glued on with adhesives). Food contact materials consist of mixtures of many FCCs. Food contact chemicals are defined as substances used and/or present in the manufacture of FCMs and/or present in FCMs and/or FCAs. Some FCCs are starting substances that no longer exist in the FCM/FCA. Some FCCs are generated during manufacture of an FCM/FCA. Not all FCCs require an authorization, and they are not necessarily subject to risk assessment by an authority.](EHP644_f1){#f1}

Regulation for FCMs {#s1.2}
-------------------

Many countries have specific regulations in place addressing FCMs ([@c36]). In Europe, the European Commission's Framework Regulation states that FCMs and FCAs "shall be manufactured \[...\] so that they do not transfer their constituents to food in quantities which could endanger human health" ([@c15]). In the United States, the U.S. Food and Drug Administration (FDA) classifies FCMs as safe if there is "reasonable certainty in the minds of competent scientists that the substance is not harmful under the intended conditions of use" ([@c21]).

Chemical RA is central to the decision-making process to authorize the use of the FCCs that are subject to review by a public authority. Manufacturers also rely on RA procedures when performing their own safety assessment of an article intended for food contact. For the RA of a chemical, information on toxicological properties, as well as human exposure, is needed. Industry provides information on a substance's identity, use, migration into food, exposure estimates, and, if required, toxicological data, for FCCs that are subject to authorization. In the European Union, FCCs that are subject to authorization include intentionally added substances (i.e., starting substances and additives used in the manufacture of food contact plastics) ([@c14]), and in the United States, these include "indirect food additives," which are substances that come into contact with and are transferred into food but are not intended to be directly added to food ([@c22]) ([Figure 2](#f2){ref-type="fig"}; see also Supplemental Material, "Overview of Legislation for Food Contact Materials"). In both the European Union and the United States, the specific requirements for toxicological testing of FCCs requiring authorization depend on estimated consumer exposures ([Table 1](#t1){ref-type="table"}), which are determined by FCM manufacturers, prior to marketing.

![Risk assessment stakeholder roles for FCCs in United States (*A*) and European Union (*B*). (*A*): In the United States, different rules apply to those FCCs that are food contact substances (FCS) (i.e., single chemicals or polymers used in the manufacture of FCMs), depending on their CEDI per person (p) and day (d) (Food Additive Amendment of 1958). Substances in the FDA's GRAS inventory may not all be FCSs, as direct food additives can also be notified as GRAS. Further details of U.S. legislation on indirect food additives are provided in the Supplemental Material. (*B*): In the European Union, starting substances, such as monomers, additives, catalysts and some production aids are considered IAS. Impurities, by-products from manufacturing processes, and degradation products are NIAS ([@c16]). Overall, 17 different FCMs are defined in the European Union ([@c15]); currently, four FCMs are regulated with E.U.-wide specific measures issued by the European Commission, which are binding in all E.U. member states (active and intelligent materials; plastics, including recycled plastic; regenerated cellulose; and ceramics, which do not require FCC authorization). The remaining 13 FCM types may have material-specific European Union member-state regulations in place ([@c53]), which are not issued by the European Commission (adhesives, cork, glass, ion-exchange resins, metals and alloys, paper and board, printing inks, rubbers, silicones, textiles, varnishes and coatings, waxes, and wood). Further details are provided in the Supplemental Material.](EHP644_f2){#f2}

###### 

Comparison of regulatory frameworks and regulatory requirements for FCM chemical safety assessment in the United States and European Union.

Table 1 lists regulatory frameworks and regulatory requirements in the first column; the corresponding safety assessments for United States of America and European Union are listed in the last 2 columns.

  Regulatory framework                                                                                                                                       United States of America (U.S.)                                                                                                                                                                                                                                             European Union (E.U.)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Regulations                                                                                                                                                [@c21] (21CFR170)                                                                                                                                                                                                                                                           FCM Framework Regulation (EC 1935/2004)
  Risk management                                                                                                                                            Acceptable Daily Intake (ADI) based on Cumulative Estimated Daily Intake (CEDI)                                                                                                                                                                                             Specific Migration Limit (SML) based on Tolerable Daily Intake (TDI)
  Toxicity requirements                                                                                                                                      Tiered toxicity testing, based on estimated daily intake (EDI)                                                                                                                                                                                                              Plastics FCM: Tiered toxicity testing, based on estimated migration
  Toxicity data ([@c39])                                                                                                                                     Tiered, based on estimated daily intake:                                                                                                                                                                                                                                    For plastic FCMs only; tiered, based on estimated migration into food:
  1\. $> 3000\;\mu g/\text{person}/\text{day}$: includes *in vivo* tests (two generation, chronic[^*a*^](#t1n1){ref-type="table-fn"}) plus all tests below   1\. $> 5000\;\mu g/{kg}$ food: includes *in vivo* tests (2 generation, chronic[^*d*^](#t1n4){ref-type="table-fn"}) plus all tests below                                                                                                                                     
  2\. $> 150\;\mu g/\text{person}/\text{day}$: includes *in vivo* tests (subchronic[^*b*^](#t1n2){ref-type="table-fn"}) plus all tests below                 2\. $> 50\;\mu g/{kg}$ food: includes *in vivo* tests (subchronic[^*e*^](#t1n5){ref-type="table-fn"}) plus all tests below                                                                                                                                                  
  3\. $> 1.5\;\mu g/\text{person}/\text{day}$: includes *in vitro* tests (genotoxicity[^*c*^](#t1n3){ref-type="table-fn"})                                   3\. $\leq 50\;\mu g/{kg}$ food: *in vitro* tests (genotoxicity[^*f*^](#t1n6){ref-type="table-fn"}) required for all substances that are expected to migrate (no threshold for exemption)                                                                                    
  4\. $\leq 1.5\;\mu g/\text{person}/\text{day}$: no testing, but substance must not have structural alerts for genotoxicity                                                                                                                                                                                                                                                                                                             
  Exemptions                                                                                                                                                 Substances used before 1958 and those below 0.5 ppb in food (with no structural alerts for genotoxicity) are exempted from testing requirements                                                                                                                             No exemptions specified (all migrating substances require minimum testing for authorization); unauthorized substances may be used in plastic FCMs behind a functional barrier, if migration is below 10 ppb and substances are not in nano form or substances known to be carcinogenic, mutagenic, or toxic to reproduction (CMR).
  Model assumption: surface area to food ratio                                                                                                               $1\;{kg}\,\text{food}/6{.45\,\text{dm}}^{2}$ ($10{\, g/\text{in}}^{2}$)                                                                                                                                                                                                     ${1\;{kg}\,\text{food}/6\,\text{dm}}^{2}$
  Model assumption: food consumption                                                                                                                         $3\;{kg}$ foodstuff (solids, liquids)                                                                                                                                                                                                                                       $1\;{kg}$ of any foodstuff (solids, liquids)
  Permissions for use of a substance                                                                                                                         --- Indirect Food Additive: once authorized, anyone can use according to limitations, intended use                                                                                                                                                                          --- Monomers, additives in plastics: European Commission authorizes substance for general use, sets limitations of use and SML (Directorate General for Health and Food Safety (DG Santé))
  --- Food Contact Substance Notification: only for applying industry's use according to intended use, limitations                                                                                                                                                                                                                                                                                                                       
  --- Threshold of Regulation: anyone can use according to limitations, intended use                                                                                                                                                                                                                                                                                                                                                     
  --- Generally recognized as Safe (GRAS): general use of GRAS substances under notified uses                                                                                                                                                                                                                                                                                                                                            
  Publicly available information                                                                                                                             Applicant, chemical identity, limitations of use ([@c25]); additional information available upon request                                                                                                                                                                    European Food Safety Authority (EFSA) scientific opinions; limitations of use and SML in Annex I ([@c17])
  Enforcement                                                                                                                                                FDA enforces compliance if violations are found. Notifications to manufacturers are *Warning Letters* for significant violations, or *Untitled Letters* for lesser violations ([@c24]). Industry can report serious violations to the *Reportable Food Registry* ([@c24])   Member States' national authorities, European Reference Laboratory (EURL) for FCMs. Noncompliance is documented on the Rapid Alert System for Food and Feed (RASFF) portal ([@c18])

Chronic toxicity and carcinogenicity in two rodent species (2 years), one study incl. *in utero* phase; two-generation reproductive toxicity study (in rats).

Chromosomal damage in rodent hematopoietic cells *in vivo*; two subchronic oral toxicity tests *in vivo* (rodent and non-rodent species) (90 days); further testing (chronic exposure) with further endpoints can be recommended (e.g., metabolism studies, teratogenicity, reproductive toxicity, neurotoxicity, immunotoxicity studies).

Mammalian *in vitro* cytogenicity assay or $\text{tk} +$ assay; gene mutations (bacteria, e.g., Ames).

Reproduction study (one species), developmental toxicity (in two species); chronic toxicity and carcinogenicity in two species (2 y); ADME study (absorption, distribution, metabolism and excretion) *in vivo*.

Two subchronic oral toxicity tests *in vivo* (rodent and nonrodent species) (90 d) plus study on ADME (adsorption, distribution, metabolism and excretion) if log $P_{\text{OW}} > 3$.

Chromosomal aberrations in mammalian cells *in vitro*; gene mutations in mammalian cells *in vitro* ($\text{tk} +$ assay); gene mutations (bacteria).

In the United States, the Threshold of Regulation (TOR) Exemption applies if estimated human exposure is below $1.5\;\mu g/\text{person}/\text{day}$, and if a substance is neither generally recognized as safe (GRAS) nor "prior sanctioned" (i.e., has been in use since 1958 or before): Such FCCs are exempted from regulation as food additives, and no toxicological data are required if structural alerts for genotoxicity are absent ([@c54]). For substances with a higher exposure estimate, some toxicity tests are recommended ([@c41]; [@c22]). The specific testing protocols are similar to those required by the European Union, as described below, and an overview is provided in [Table 1](#t1){ref-type="table"}.

In Europe, three *in vitro* mutagenicity and genotoxicity tests are mandatory for all starting IAS and additives authorized in plastics, regardless of the estimated level of exposure ([Table 1](#t1){ref-type="table"}), but there is no E.U.-wide testing requirement for NIAS formed during plastic manufacture and for substances used in most other FCMs (e.g., paper and board). Additional tests (e.g., subchronic, chronic, two-generation studies) are necessary when chemical migration from plastic FCMs is above $50\;\mu g/{kg}$ food in the European Union, or $150\;\mu g/\text{person}/\text{day}$ in the United States, respectively. Testing for developmental and reproductive toxicity is triggered only if the estimated exposure exceeds $3\;{mg}/\text{person}/\text{day}$ (US) or $5\;{mg}/\text{person}/\text{day}$ (Europe).

Some intentionally added FCCs may be used by industry in Europe and the United States without notification or review by a public authority, based on a determination by the manufacturer that the FCC is GRAS (in the United States), though documentation of the safety of such FCCs must be provided to authorities on request. In Europe, this applies to IAS that are not used in plastic FCM, or are neither plastic monomers nor plastic additives, and that are not covered by any national or E.U.-wide regulation; this also applies to NIAS ([Figure 2B](#f2){ref-type="fig"}). In the United States, additional information on impurities and oligomers is required for Food Contact Substance Notifications (FCNs) of polymers, whereas NIAS that are introduced during later manufacturing steps, and that are not included explicitly in the FCN, are not subject to authorization.

Threshold of Regulation and Threshold of Toxicological Concern {#s1.3}
--------------------------------------------------------------

In the absence of toxicological data, generic thresholds for safe human exposure to chemicals are used: In the European Union, the Threshold of Toxicological Concern (TTC) is recommended for RA of NIAS for which there are no toxicological data ([@c11], [@c12]). Specifically, the TTC for untested substances are extrapolated from the normal distribution of no-observed-effect level (NOEL) data for tested FCCs and other chemicals with a similar two-dimensional chemical structure, based on the assumption that structurally similar chemicals will have similar toxicological properties. Specifically, the threshold is set by assuming a 5% probability that the NOEL for the untested substance is in the lowest fifth percentile of the NOEL distribution of known chemicals in the same Cramer Class ([@c10]), with an additional safety factor of 100 applied for extrapolating from animal to human data ([@c40]). Three different TTCs have been set by grouping structurally related chemicals into one of three Cramer Classes: low (Cramer Class I): $1800\;\mu g/\text{person}/\text{day}$; intermediate (Cramer Class II): $540\;\mu g/\text{person}/\text{day}$; high (Cramer Class III): $90\;\mu g/\text{person}/\text{day}$ ([@c40]). However, the TTC uses a lower threshold for genotoxicants ($0.15\;\mu g/\text{person}/\text{day}$), and the TTC concept cannot be applied to substances belonging to the classes of exempted compounds that include aflatoxin-like, azoxy- or N-nitroso-compounds and benzidines, inorganic chemicals, metals, organometallics, proteins, steroids, and organo-silicon compounds ([@c35]).

The TTC concept has been questioned regarding its limitations and uncertainties in the derivation of its thresholds ([@c46]; [@c8]). For example, the validity of a given TTC level strongly depends on the validity and accuracy of the underlying NOEL data used to derive the threshold ([@c20]). On the other hand, when tested with a dataset of authorized FCCs, the TTC was shown to be predictive ([@c49]). Specifically, the NOELs of 232 compounds authorized in Europe for use in food contact plastics were compared with their respective TTCs (according to their chemical structures). For 96% of analyzed compounds, the ratio of NOEL/TTC was above 1, indicating that TTCs were lower than NOELs that were based on subchronic or chronic toxicity data. Because these findings support its usefulness, an update of the TTC is being carried out by the European Food Safety Authority (EFSA) ([@c13]).

Data Gaps in the RA of FCCs: Exposure {#s1.4}
-------------------------------------

The most basic requirement for estimating exposure to an FCC is that its chemical structure, i.e., its chemical identity, is known. Identification of chemical structure information, however, is not always the case because many NIAS in finished FCAs are uncharacterized impurities and reaction by-products ([@c30]; [@c45]). For example, Bradley and Coulier ([@c7]) investigated five commodity plastics for food contact use with respect to their composition of NIAS. Plastics were manufactured under controlled conditions, extracted using organic solvents, and analyzed for all their reaction and breakdown products. For all plastic samples, unidentified compounds were reported that could not be predicted from the known composition (including impurities) of the starting substances. This aspect indicates that comprehensive qualitative and quantitative chemical analyses of plastic FCAs are currently impossible ([@c30], [@c48]), and that, consequently, there is a likely ongoing exposure of the general population to unknown and untested chemicals through migration from FCAs into food.

For known FCCs---both intentionally added to and nonintentionally present in food contact articles---migration into food can be quantified only if the chemical standard (i.e., the pure substance, nontechnical grade), required for calibrating the analytical method, is available. An alternative to quantifying migration (e.g., in the absence of a chemical standard) is estimating migration by means of partitioning models; however, this estimation is possible only for FCCs in polymeric FCAs and if an FCC's level in the article is known (i.e., for substances added intentionally) ([@c4]).

Furthermore, to estimate human exposure, information on actual food consumption and on the use of FCAs in contact with certain food types is required. In the United States, the FDA's Cumulative Estimated Daily Intake (CEDI) database is used to provide the estimated daily intake (EDI) of an FCC from food packaging ([@c23]). However, details on how estimates are derived are not readily available for public scrutiny ([@c1]). In Europe, exposure assessment for plastic FCMs is based on default assumptions, with a person daily consuming $1\;{kg}$ of food in contact with $6{\,\text{dm}}^{2}$ surface area of FCM ([@c16]), but the use of actual food consumption data has been proposed ([@c12]; [@c47]).

In addition, humans are not only exposed to FCCs, but also to chemicals from other sources ([@c19]). Still, RA is currently performed in separate schemes for different chemicals (e.g., FCCs, pesticides, and industrial chemicals) and not cumulatively. This difference has an implication for a chemical's estimated exposure: Other sources may contribute to actual human exposure, not only the substance's migration from food packaging. Consequently, the exposure may be underestimated and safe exposure levels may be exceeded.

Data Gaps in the RA of FCCs: Toxicity {#s1.5}
-------------------------------------

Legally, all migrating FCCs need to be assessed for their risk to human health, regardless of whether they are IAS or NIAS. However, there is no general requirement for toxicity testing of FCCs. For intentionally added FCCs that are subject to authorization ([Figure 2](#f2){ref-type="fig"}), testing is tiered, based on estimated exposure levels from the finished FCA.

As a result of past and current regulatory requirements, toxicological data are available for 27% of the authorized FCCs in the United States, and 73% have not been tested for reproductive or developmental toxicity, nor for subchronic or chronic toxicity ([@c43]). The U.S. FDA recommends specific testing based on a tiered-system of estimated exposures. If a company's exposure estimate for an FCC prior to its marketing is below a testing threshold, developmental and reproductive toxicity tests are not performed, resulting in data gaps ([Figure 2A](#f2){ref-type="fig"}). This approach of tiered testing is counter to modern scientific understanding that the fetus can be particularly sensitive to exposure to low amounts of certain chemicals ([@c6]; [@c9]; [@c37]), and a disruption of the processes governing fetal development can lead to disease later in life ([@c3]). Moreover, additional windows of sensitivity other than fetal development exist: Female mice are at increased risk for developing diabetes later in life if they were exposed to BPA when pregnant ([@c2]).

Toxicological testing requires knowledge of an FCC's identity and its availability as pure chemical (i.e., nontechnical grade) in sufficient quantity to perform toxicity studies. These requirements are often not fulfilled for NIAS, which presents a major obstacle for safety assessments ([@c30]). In those cases, when, as a minimum requirement, the chemical structure of a NIAS is known and exposure is assumed to be low, use of the TTC is recommended ([@c11], [@c12]).

For FCCs with unknown chemical identity, a makeshift approach has been developed based on the TTC concept and utilizing nontargeted chemical analysis ([@c31]). Samples of extracts or overall migrates from FCCs or FCAs are spiked with a known concentration of a marker chemical at a level of interest ("quantification marker"), which may be derived from the TTC. The quantification marker's peak intensity is recorded during chemical analysis and is then used for internal calibration ([@c48]). This method of internal calibration, however, results in uncertainties of up to three orders of magnitude for concentration estimates of the unknown substances ([@c34]). Peaks below the quantification marker's intensity are assumed to only represent substances below their TTC, i.e., at safe levels. Therefore, this approach assumes no risk for many unknown FCCs, without reliable exposure estimates or actual toxicological information.

Furthermore, FCCs are currently not routinely assessed for endocrine-disrupting properties ([@c39]), even though at least 119 known or suspected EDCs are intentionally used in the manufacture of FCAs in the European Union and/or the United States ([@c26]). This circumstance is problematic, as it is generally assumed that the safe level for FCCs can be derived from testing at high doses. This assumption disregards evidence that endocrine-active substances can have nonmonotonic dose--response relationships, where adverse effects can occur at concentrations below an apparent safety threshold ([@c56]). Indeed, a study from 2011 reported that extracts from a majority of tested plastic food packaging samples exhibited estrogenic activity in an *in vitro* assay ([@c58]).

Another important data gap concerns heart and metabolic diseases, the most relevant noncommunicable diseases today in terms of premature death (i.e., under the age of 70) ([@c57]). Although heart and metabolic diseases have been associated with exposure to BPA in epidemiological studies (as reviewed in [@c50]), chemical hazard assessment of FCCs does not include endpoints relevant to these outcomes.

Another issue is that toxicity assessment is commonly carried out for individual substances, even though exposure to FCC mixtures occurs, and the overall risk of a mixture can exceed the risk of each individual substance ([@c29]). In particular, chemicals that affect the same endpoints may act according to the concept of concentration addition, such that toxic effects are possible even if each individual substance is present at an acceptable level ([@c33]). Moreover, combined exposures to individual chemicals that affect different physiological endpoints might have mixture effects relevant to carcinogenesis ([@c27]) or other pathologic mechanisms ([@c32]).

Major Challenges for Ensuring the Safety of FCCs and FCAs {#s1.6}
---------------------------------------------------------

In addition to the knowledge gaps and scientific shortcomings in the RA of chemicals migrating from FCAs, several challenges related to current practice exist. First, many intentionally used FCCs are assessed by industry without public oversight ([Figure 2](#f2){ref-type="fig"}). In Europe, no legal requirement to notify the use of an FCC (or its presence in a food contact article, e.g., in the case of NIAS) exists. In the United States, manufacturers and expert panels are allowed to make determinations about whether intentionally added FCCs are GRAS without review by the FDA ([@c21], [@c44]). Consequently, public authorities often do not know which FCCs are actually used, and if, or how, their safety has been assessed. For example, since 1997, GRAS substances may be used as direct and/or indirect food additives in the United States ([@c44]), and in 2011, Neltner and colleagues estimated that $\geq 1,000$ (publicly unidentified) chemicals had been determined to be GRAS based on manufacturer self-determination, without notification of the FDA ([@c42]).

Second, once an FCC is authorized as an indirect food additive in the United States, listed as exempted from authorization (GRAS, TOR) ([@c25]), or included in the European regulation for plastic FCMs ([@c17]), it can be used freely for FCM manufacture, if no patents apply, and with the exception of the U.S. FCN program, where authorization is granted only to the applicant. Consequently, because no systematic postmarket surveillance of authorized FCCs is performed, the extent of actual use is largely unknown, and exposures may exceed the estimated levels indicated by manufacturers during the notification or authorization process.

Third, although the European Commission has set specific migration limits (SMLs) for migration of some FCCs and has established an overall migration limit of $\leq 60\;{mg}/{kg}$ food for finished plastic FCAs ([@c16]), the E.U. Reference Laboratory for FCMs recently reported that standards for analytical method calibration are available for only 53% of FCCs currently authorized for use in plastic FCMs ([@c52]). This implies that concentrations of about 440 authorized FCCs cannot be quantified and, consequently, in Europe, legal migration limits cannot be enforced.

Fourth, information about FCCs may not be effectively communicated over the entire food contact material supply chain. For example, Articles 15 and 16 of European Regulation 10/2011 require that a Declaration of Compliance (DoC) be issued at each stage of the plastic-FCM manufacturing process describing work that has been performed to achieve compliance with legal requirements and indicating any additional compliance work that must be performed by downstream users, and demonstrate that supporting documentation for the information reported in the DoC also must be available to authorities on demand ([@c16]). However, it was recently reported that manufacturers of nine plastic FCM products failed to provide supporting documentation for DoCs within six months of a request by Swiss food control authorities ([@c38]).

Discussion {#s2}
==========

Implications: Risk Assessment of FCCs is Ineffective {#s2.1}
----------------------------------------------------

The protection goals of FCM and FCA legislation require either the quantitative assessment of the risk of harm to human health by FCCs (European Union) ([@c15]) or reasonable certainty that a substance is not harmful under the conditions of use (United States) ([@c21]). However, compliance with both European and U.S. regulations requires exposure and toxicity data that cannot be generated for many FCCs either because their chemical identities are unknown or because there are no chemical standards for their quantitative assessment. This serious disconnect between legal requirements and the data that are generated, either by manufacturers along the supply chain or by regulatory authorities, leads us to question whether current regulatory approaches and RA practices are sufficient and appropriate for ensuring the safety of FCMs.

Recommendations {#s2.2}
---------------

We propose that the main knowledge gaps and problems for FCMs (as summarized in [Table 2](#t2){ref-type="table"}) be addressed by reconsidering key elements of RA, chemical hazard removal and exposure, and by changing the way in which data for RAs are generated.

###### 

Knowledge gaps and problems in the RA of FCMs, description of the shortcoming in risk assessment, and recommendation for overcoming the gap.

Table 2 lists serial number in the first column; the corresponding information for knowledge gap or problem, description, and recommendation are listed in the other columns.

  No.    Knowledge gap or problem                                                                                                               Description                                                                                                                                                                                                                                                                                                                   Recommendation
  ------ -------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  I      Risk assessments (RAs) focus on starting substances, not on the finished article                                                       Focus is placed on chemicals at the start of the manufacturing process instead of those present in the finished food contact article and migrating into food, i.e., the chemicals people are exposed to.                                                                                                                      Ensure adequate toxicological assessment of food contact articles: Assess all food contact chemicals (FCCs) with the potential to migrate from the finished food contact article (including printing inks, labels, closures, etc.).
  II     Unknown substances migrate from food contact articles (FCAs) into food                                                                 The chemical identity of some/many substances in food contact articles is unknown; therefore, no RA using the current approach is possible: neither exposure nor hazard can be assessed.                                                                                                                                      Ensure adequate toxicological assessment of FCCs, and avoid intentional use of chemicals with unknown toxicity: Assess overall migrate or extract from the finished FCA, e.g., by using *in vitro* bioassays and subsequent chemical analysis.
  III    Authorized chemicals are not available as pure analytical standards: exposure cannot be assessed and legal limits cannot be enforced   Legally binding migration limits cannot be controlled and enforced because analytical and calibration methods for many authorized FCCs are unavailable and postmarket exposure assessments are not possible.                                                                                                                  Limit intentionally used FCCs to chemicals with analytical standards: Reevaluate authorization status for chemicals based on the availability of chemical standards. Introduce mandatory requirement for users of an intentionally added substance to have a pure analytical standard available for authorities to enforce legal limits.
  IV     Human exposure estimates are outdated and not publicly accessible                                                                      Human exposure estimates are based on premarket data, which is not transparent, and there is no systematic postmarket assessment of authorized substances.                                                                                                                                                                    Make all data used for human exposure assessment available to public review. Require mandatory data notification on chemical use to authorities. Perform periodic reviews of human exposure for all authorized FCMs.
  V      Cumulative exposures are not taken into consideration when exposures are estimated                                                     Exposures from sources other than food contact articles are not generally considered for exposure assessments, because information is often unavailable.                                                                                                                                                                      Share chemical use information between authorities to assess actual human exposures. Expand biomonitoring efforts.
  VI     Generic toxicological thresholds are used in the absence of actual data, and available toxicological data are insufficient for RAs     For many nonintentionally added substances (NIAS), RAs rely on generic toxicological thresholds (TTCs), which may not be sufficiently protective. Endocrine disruptors are not routinely assessed, developmental toxicity data are generated for highest exposure estimates only (based on premarket exposure assumptions).   Avoid chemicals with unknown toxicity. Ensure adequate toxicological assessment of FCCs. Assess validity of TTCs by using recent data from chronic toxicity studies. Use TTCs and *in silico* data (e.g., from quantitative structure-activity relationship (QSAR) computational models) only intermediately for filling data gaps and prioritization for toxicity testing, and require toxicity data for any food contact chemical migrating into food.
  VII    Mixture toxicity of the overall migrate is not assessed                                                                                Overall migrate into food is not assessed for its mixture effect even though humans are generally exposed to mixtures of chemicals from food packaging.                                                                                                                                                                       Ensure adequate toxicological assessment of FCCs. Assess overall migrate from the finished food contact article (including printing inks, labels, closures, etc.) using bioassays.
  VIII   Hazard characterization does not consider some of the most relevant diseases in the human population                                   Hazards associated with non-communicable diseases like cardiovascular disease or metabolic syndrome are not routinely assessed, even though these are of very high relevance to public health.                                                                                                                                Ensure adequate toxicological assessment of FCCs. In addition to genotoxicity testing, require toxicity data on cardiovascular, metabolic, and endocrine endpoints for any food contact chemical migrating into food at any level.
  IX     Conflicts of interest are systemic to the current risk assessment approach                                                             Risk assessment may be performed by industry, without public oversight, and data provided to authorities for risk assessment may be from studies commissioned by the applicant that are not publicly available.                                                                                                               FCC risk assessment should be performed by independent third parties. Data should be public. Notification of a safety decision by industry should be mandatory (i.e., authorities are informed about the use/presence of an FCC).

### Avoid hazardous substances and chemicals with unknown toxicity. {#s2.2.1}

The first step is to reduce the large number of chemicals in the FCM universe. We previously identified 175 known FCCs as being chemicals of concern based on their inclusion in the SIN list of chemicals that meet the criteria of article 57 of European Commission Regulation 1907/2006 (REACH) or in the TEDX database of endocrine disrupting compounds when our assessment was performed, including 21 Substances of Very High Concern (SVHC), of which six are intended for phase-out under REACH (references for all databases are provided in [@c26]). We propose that these FCCs, as well as untested substances and hazardous transformation products of FCCs, be replaced with safe alternatives (i.e., substances that have been tested and shown not to possess hazardous properties) as soon as practically feasible.

### Ensure adequate toxicological assessment of all FCCs. {#s2.2.2}

Many FCCs have not been subjected to toxicological testing because they fall below regulatory thresholds (e.g., based on estimated exposures), are substances that have been in use prior to 1958, or do not require regulatory authorization (as for NIAS). In other cases, existing RAs based on generic exposure thresholds (such as TTCs) and other toxicological evaluations may be insufficient (e.g., GRAS when not notified to FDA). In particular, we recommend that the potential for low-dose effects and nonmonotonicity be addressed in light of current scientific understanding; that *in vitro* toxicity data, including bioassays for endocrine activity, should be requested for all FCCs, regardless of exposure levels; and that toxicological assessments of actual overall migrates (i.e., the mixture of all migrating substances), including FCC mixtures with unknown compounds (e.g., NIAS), should be considered ([@c5]).

### Limit intentionally used FCCs to chemicals with analytical standards. {#s2.2.3}

The lack of an analytical standard hampers migration quantification for a given FCC, which in turn makes enforcement of regulatory levels impossible. Consequently, an FCC should be included in a list of authorized chemicals only if compliance with exposure thresholds or migration limits can be assessed.

### Risk assessment should be performed by independent third parties. {#s2.2.4}

An obvious conflict of interest exists if the organization performing RAs also has commercial interests in their outcomes ([@c44]). Presently, not all FCCs are subject to an independent third-party RA (e.g., for GRAS in the United States or nonauthorized FCCs in Europe). Existing conflicts of interest could be overcome by (i) introducing mandatory agency review of RAs for all intentionally used FCCs, and (ii) an approach where manufacturers seeking authorization pay into a common fund that is used by authorities to commission migration and toxicological tests by independent third parties that do not have a conflict of interest.

Conclusions {#s3}
===========

Based on our assessment of the available evidence, we conclude that the current approach of premarket, prospective RA of chemicals in FCMs is insufficient to protect public health. It relies too much on self-assessments by industry and assumptions that do not reflect contemporary scientific knowledge, lacks clear guidance, and cannot be enforced by authorities. Emphasis is on assessing single starting substances whereas consumers are exposed to mixtures of FCCs, including NIAS, from FCAs. Therefore, we think that a novel approach is needed: An amendment of current regulatory frameworks requiring RA of all FCCs migrating from finished FCAs would be more effective, because humans are actually exposed to these chemical mixtures.

Changes are possible if there is an appetite for them. Some food manufacturers and retailers recognize that their own reputation is at risk, and in light of this, they voluntarily apply RA approaches and FCM standards that surpass regulatory requirements ([@c51]). However, we assume that these few companies currently account for only a small share of the market. Therefore, regulatory or financial mechanisms that address chemical risk along all FCM supply chains (e.g., by internalizing external costs associated with chemical risks, like costs of diseases attributed to chemical exposures) would support the development of widely available, inherently safer products.

In our opinion, raising awareness for the presence of hazardous chemicals in food packaging and other FCAs is important, because it drives research for better alternatives and motivates innovation. We recognize that a functioning and safe food supply chain relies on food packaging and is of high societal importance; therefore, we think that regulatory mechanisms and RA approaches must be updated and strengthened to ensure that hazardous substances do not migrate into food from the materials designed to keep it safe.
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